There is great interest in the development of new tools that can monitor protein kinase activity in living cells, in large part because of the central role of protein phosphorylation in cell signaling. Synthetic peptide-based sensors [1] can be effective in vitro but require special means to gain cell entry. [2] In contrast, fluorescent protein (FP)-based sensors [3] are readily expressed in cells, but their use is complicated by bulk and unpredictability. [4] [5] [6] Profluorescent biarsenicals such as FlAsH [7] and ReAsH [8] offer a genetically encoded complement to FPs for detecting and tracking cellular events. [9] These membrane permeable dyes are dark in the ethanedithiol (EDT)-bound form, but become fluorescent upon thiol exchange with proteins that contain a tetracysteine motif. Recently we reported that the linear tetracysteine sequence preferred by FlAsH [7] and ReAsH [8] could be split between two members of a protein partnership or two approximated regions of a folded protein while maintaining high affinity and brightness in vitro and in live cells. [10, 11] Here we show that this finding, a tool we refer to as bipartite tetracysteine display, facilitates the design of a firstgeneration Src family kinase sensor that is both encodable and site-selective. This new sensor design reports on kinase activity as an increase in fluorescence emission in a way that complements existing FP-based biosensors (Figure 1) .
Our design began with the X-ray structure of the p130Cas·Lck SH2 complex. [12] We interrogated the interface between the SH2 and phosphotyrosine-containing p130Cas domains (Figure 2 A) to identify adjacent residues that could reproduce a ReAsH binding motif when changed to a bipartite Cys-Cys pair. [13] We focused on substitutions in loops, rather than helices or sheets, as we have shown previously that these locations often yield higher-affinity ReAsH binding sites. [11] After phosphorylation data, [14] mutagenesis studies, [15] and biophysical analyses [12, 16] available for the Src SH2 domain and peptide substrate had been considered, 12 potential sensors ( Figure S1 in the Supporting Information) were designed. In these designs, one Cys-Cys motif is located between residues 89 to 96 of the homologous Src SH2 domain [17] and the other is located between residues 766 to 769 of p130Cas, immediately beyond the substrate tyrosine. We hypothesized that phosphorylation at Y762 (or Y764, vide infra) would facilitate intramolecular association of the phosphotyrosine with the adjacent SH2 domain; the resulting conformational change would convert an unfolded sensor with low ReAsH affinity into a folded sensor that would bind ReAsH and light up (Figure 1 ). [18] To begin, we sought to confirm that the peptide portions of the designed sensors would function as c-Src 251-533 (Src) substrates. Src activity was evaluated by using an assay in which ATP hydrolysis is linked to NADH oxidation. [19] K m and k cat values were calculated from plots of initial rates as a function of peptide concentration (Figure 2 B) . The assay was validated by using a peptide containing the optimized Src substrate (AEEEIYGEFEAKKKKG); [20] the measured K m (105 AE 26 mm) and k cat (38 AE 4.8 s
À1
) compare well with values reported for the same substrate. [20] The K m values of peptides 1 (WMEDY-DYVHLQGEL), 2 (WMEDYDYVCCQGEL), 3 (WMEDYDYVHCCGEL), and 4 (WMEDYDYVHLCCEL) range from 285 to 446 mm, and the k cat values range from 2.2 to 4.3 s À1 (Table S2) . These values suggested that all of our potential sensors should function as Src kinase substrates. Three of the 12 potential sensors (E2, E3, and E4; Figure 2 C) were purified readily from E. coli lysates and evaluated to determine if they were Src substrates. Each potential sensor (50-70 mm) was incubated with 0.2 mm Src for 1 h in the presence and absence of ATP. After removal of Mg 2 + and ATP, the extent of phosphorylation was analyzed by using Western blots and MALDI-MS following digestion with trypsin. Western blots probed with an anti-phosphotyrosine antibody confirmed that E2, E3, and E4 were phosphorylated under these conditions, and MALDI-MS verified an 80 Da increase in mass of the expected tryptic fragment only in the presence of ATP (Figures S3 and S4). Together these results indicate that E2, E3, and E4 are acceptable Src substrates. [21] We next turned to fluorescence spectroscopy to evaluate if the potential sensors would bind to ReAsH with high affinity and in a phosphorylation-dependent fashion. The phosphorylated and non-phosphorylated forms of E2, E3, and E4 were incubated with ReAsH (25 nm) and EDT (1 mm), and the fluorescence emission at 630 nm was monitored as a function of sensor concentration (Figure 3 A) and time ( Figure S5 ). Only phosphorylated E2 displayed a measurable affinity for ReAsH (K app~8 .4 AE 1.3 mm); the fluorescence emission observed after treatment of E2 with Src, ATP, and Mg 2 + was 77 % higher than when E2 was treated with Src and Mg 2 + . This fluorescence-intensity increase is comparable to that observed for simpler bipartite tetracysteine motifs. [11] Neither E3 nor E4 displayed a detectable affinity for ReAsH whether phosphorylated or not (Figure 3 A) . The increase in the fluorescence emission of E2 upon phosphorylation is higher than that of all but one of the FRET-based Src kinase sensors reported in the literature. [6, 18, 22] Even more importantly, the binding of ReAsH by the phosphorylated form of E2 results in a straightforward readout of kinase activity as an increase in fluorescence emission, without the need for multiple measurements to determine FRET ratios. [4, 18] A series of experiments were performed to better understand the origins of the phosphorylation-dependent change in ReAsH affinity for E2. The substrate region of E2, which is derived from p130Cas, contains two tyrosines, at positions 762 and 764, and questions remain regarding the role of each in mediating downstream, phosphorylation-dependent events. Previously reported FRET-based sensors respond to phosphorylation at both positions; this makes it difficult to monitor phosphorylation in a site-selective manner. [18] To determine whether the design of E2 would allow it to discriminate between phosphorylation at positions 762 or 764, we expressed three E2 variants in which one or both tyrosines were substituted by phenylalanine (Y762F, Y764F and DDY; Figure 2 C ). Each E2 variant was treated with Src and Mg 2 + in the presence and absence of ATP as described; MALDI-MS and Western-blot analysis confirmed that Y762F and Y764F were phosphorylated, whereas DDY was not ( Figures S3, S4 ). With no substrate tyrosines, DDY also showed poor affinity for ReAsH irrespective of treatment with ATP (Figure 3 B) . The phosphorylated form of Y764F bound ReAsH with an affinity that rivaled that of phosphorylated E2 (Figure 3 B) and underwent a comparably large increase in fluorescence relative to the non-phosphorylated form (78 %). In contrast, Y762F bound ReAsH poorly whether phosphorylated or not. These results suggest that the increase in ReAsH affinity and brightness observed with E2 results from phosphorylation at position 762, as predicted by our design. Thus, unlike FRET-based sensors, E2 is sensitive only to phosphorylation at Y762. As expected, an E2 variant containing only one Cys-Cys pair (DDC, Figure 2 C) showed minimal affinity for ReAsH and was not bright even upon phosphorylation (Figure 3 B) .
Finally, we set out to evaluate the extent to which E2 would function as a substrate for kinases within and outside the Src family. We incubated E2 with ATP and Mg 2 + along with 0.025 units of Src family kinases Src, Yes, Lck, and Fyn as well as the non-Src family kinases JAK2 and PKA. Western-blot analysis of E2 after incubation with these kinases indicated that it is an effective substrate for phosphorylation by Src and Yes but not Lck, Fyn, JAK2, and PKA ( Figure S6 ). In summary, we have reported that bipartite tetracysteine display [10, 11] can facilitate the design of a first-generation Srcfamily-kinase sensor that is both encodable and site-selective. Binding of ReAsH by phosphorylated E2 leads to an increase in fluorescence in vitro that is at least as high as that observed with simpler bipartite tetracysteine motifs, and higher than all but one of the reported FRET-based Src kinase sensors. As an additional advantage, the binding of ReAsH by the phosphorylated form of E2 results in a straightforward readout of kinase activity as an increase in fluorescence emission. Finally, unlike FRET-based Src kinase sensors, which respond to phosphorylation at both Y762 and Y764, E2 responds only to phosphorylation at Y762. This observation suggests that more fully optimized versions of E2-optimized with respect to ReAsH affinity, brightness, and kinase selectivity-could prove useful in visualizing position-dependent phosphorylation events in living cells.
Experimental Section
Please see the Supporting Information for experimental details.
